Background: Young (4 week) spontaneously hypertensive rats (SHR) exhibit greater renal responses to angiotensin II (Ang II) than normotensive Wistar Kyoto (WKY) rats. SHR pups cross-fostering to a WKY dam at birth (SHRX) are less sensitive to Ang II and have lower adult blood pressure. The aim of this study was to compare renal renin-angiotensin system activity in young naturally reared and cross-fostered SHR pups. Methods: SHR and WKY rats were reared either by their natural mothers or by a foster mother of the opposite strain. At 5, 10, and 15 days of age, renal tissue renin activity and Ang II concentration were measured by radioimmunoassay. Renin-secreting cells were identified by in situ hybridization and AT 1 receptor expression was compared using Western blots. Ang II-mediated cAMP generation was measured in isolated proximal tubules.
T
he renin-angiotensin system (RAS) plays an important role in the development of hypertension in the spontaneously hypertensive rat (SHR). Young, prehypertensive SHR exhibit altered renal function, including decreased glomerular filtration rate 1 and sodium and water retention, 2 in association with increased sensitivity to angiotensin II (Ang II). We 3 and other investigators 4 have shown that in young SHR Ang II administration lowers glomular filtration rate (GFR) and increases sodium retention compared with normotensive Wistar-Kyoto (WKY) rats. Furthermore, short-term administration of an angiotensin-converting enzyme inhibitor 5 or an Ang II AT 1 receptor antagonist 6 to young SHR permanently lowers blood pressure (BP).
Renal AT 1 receptors are located in the glomerulus (mesangial cells and podocytes), the proximal tubule (brush boarder and basolateral membranes), thick ascending limb, distal tubule and collecting duct. 7, 8 They have also been localized to the afferent and efferent arterioles, interlobar and arcuate arteries, and the descending vasa recta. 7, 8 The AT 1A isoform predominates in the tubule itself, but in the vasculature and glomerulus the AT 1A and AT 1B isoforms are equally expressed. 8, 9 Increased renal AT 1 receptor expression has been reported in the glomeruli of young SHR in some 10 but not all studies. 11 Data for the proximal tubules are less equivocal, with increased AT 1 expression generally reported. 12, 13 This is coupled to increased activity of the apical Na ϩ :H ϩ exchanger NHE-3 through a number of signaling pathways, including cAMP. 14 Information about other components of the RAS is also controversial: some researchers report an increase in renal renin and angiotensinogen, 15, 16 whereas others either found no difference 17 or that renin was lower in the SHR. 18 The upregulation of the RAS may be partly genetic 19 but may also be influenced by the early postnatal environment. We have shown that, compared to WKY rats, young SHR have a lower sodium intake and cumulative sodium balance 20 because SHR dams produce less milk than their WKY counterparts. 21 Perinatal sodium balance may be restored to WKY levels by cross-fostering SHR pups to a WKY dam. Interestingly, this diminishes renal sensitivity to Ang II 3 and results in lower adult BP. 20, 21 Accordingly, the aim of this study was to compare activity of the renal RAS in neonatal SHR and crossfostered SHR to determine the postnatal environmental influence on this important determinant of BP. Renal renin activity, Ang II concentration, and AT 1 receptor expression were measured to establish activity of the endogenous RAS, whereas Ang II-mediated cAMP production by isolated proximal tubules was determined to establish the functional consequences of altered RAS activity at the second messenger level.
Methods

Animals
SHR and WKY rats were bred in the School of Biological Sciences at the University of Manchester from stock originally obtained from Charles River UK Limited (Margate, Kent, UK). Animals had free access to tap water and standard chow (Rat & Mouse Standard Diet, Bantin & Kingman Ltd, Hull, North Humberside, UK) and were held in a breeding room at 22°to 24°C with 12 h light: 12 h dark cycle. On the day of birth litters were culled to 8 pups. Naturally reared WKY and SHR pups were left with their natural mothers; cross-fostered WKYX and SHRX pups were fostered to a dam of the opposite strain that had given birth on the same day.
20,21
Renin Radioimmunoassay
Kidneys were collected from animals at postnatal days 5, 10, and 15. Tissue was homogenized on ice in Tris-HCl buffer (pH 7.4, 1 mL buffer per 0.1 g tissue) and centrifuged at 1000 g for 20 min at 4°C. Samples were diluted in 0.5 mmol/L phosphate buffer (pH 6.5) containing 8.8 mmol/L EDTA, 3 mmol/L 8-hydroxyquinoline sulfate, and 5 mmol/L 2-3-dimercaptropanol to a final concentration of 1:4000 using a two-step dilution; in the second step 100 L of renin-free plasma was added. Renal renin activity was measured using a REN-CT2 kit (CIS (UK) Limited, High Wycombe, Buckinghamshire, UK) and is expressed as micrograms of angiotensin I/gram of kidney weight/hour.
Renin in situ Hybridization
Renin-secreting cells were localized in cortical sections from postnatal day 10 kidneys by in situ hybridization. Digoxygenin-labeled riboprobes were constructed by inserting a 0.64-kb cDNA representing the 3Ј end of human renin mRNA (a gift from Prof W Brammar, University of Leicester, UK) into the Bluescript vector (Stratagene Ltd, Cambridge, UK) with a commercial kit (BoehringerMannheim, Mannheim, Germany). Probe binding was localized on the tissue sections by visualizing with antidigoxygenin antibodies (Boehringer-Mannheim) and an immunoalkaline phosphatase method as previously described. 22 All of the glomeruli and renin-secreting cells were counted in a paraffin section of the complete kidney and the number of renin-secreting cells expressed per 100 glomeruli.
Ang II Radioimmunoassay
A 75-L aliquot of homogenized kidney, prepared as above, was added to a 25-L assay buffer containing captopril (5 ng/mg of tissue) to inhibit Ang II generation in vitro. Ang II was measured by radioimmunoassay, as previously described, 23 
An II AT 1 Receptor Western Analysis
Tissue was homogenized on ice in homogenization buffer (pH 7.6, 1 mL buffer per 0.1 g tissue) and centrifuged at 2500 g for 20 min at 4°C. The resulting supernatant was spun at 100,000 g for 30 min at 4°C after which the pellet was reconstituted in 100 L of homogenization buffer and the protein concentration was determined by using the Bradford method (Bio-Rad Laboratories, Hercules, CA).
For electrophoresis, 30 g of tissue homogenate were solubilized in Laemmli buffer, denatured at 95°C for 4 min, fractionated using a 10% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. Nonspecific binding was blocked with 5% nonfat milk in Tween/TBS, after which blots were incubated with primary antibody (1:300, AT 1 (N-10) Santa Cruz Biotechnology, Inc., Santa Cruz, CA), washed and incubated with horseradish peroxidase conjugated antirabbit secondary antibody (1:5000). The AT 1 antibody shows no cross-reactivity with the AT 2 receptor (data provided by manufacturer). We have previously demonstrated that antibody binding to renal AT 1 receptors was completely blocked by co-incubation with an excess of the immunizing peptide. 24 Blots were developed with the ECL plus detection kit (Amersham Pharmacia Biotech UK Limited). 24 Immunoreactivity was quantified by densitometry and normalized to the control WKY bands.
cAMP Generation in Isolated Proximal Tubules
Proximal tubules were microdissected from 4-week-old WKY, SHR, SHRX, and WKYX rats (n ϭ 4 per strain) as previously described. 25 Briefly, rats were anesthetized (Sagatal, intraperitoneal pentobarbitone sodium BP, 60 mg/ kg, Rhone Merieux Limited, Harlow, Essex, UK) and the left kidney was perfused with 5 mL of ice-cold Hanks-HEPES medium (pH 7.4) followed by 4 mL of ice-cold 550 U/mL collagenase (CLS, Worthington Biochemical Corp., NJ) in Hanks-HEPES. Kidney slices (1 to 2 mm wide) through the corticomedullary axis were incubated for 20 min in an aerated (95% O 2 /5% CO 2 ) solution of 110 U/mL collagenase in Hanks-HEPES. Proximal tubule segments (0.3 to 1 mm) were dissected, on ice, transferred singly in 2 L of Hanks-HEPES, sealed between two coated cavity slides (Sigmacote followed by 0.5% BSA) and photographed using an image-capturing system (VGACAM, Electrim Corporation, Princeton, NJ) to enable measurement of tubule length.
After preincubation for 10 min at 35°C in the presence of the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (1 mmol/L IBMX in DMSO 0.1% v/v) and 1 mg/mL bacitracin, Ang II (10 Ϫ9 to 10 Ϫ8 mol/L) was added to the incubation medium. The 4-min incubation was terminated by aspirating the tubules in aspiration medium (1 mg/mL BSA and 1 mmol/L IBMX in deionized water) into 20 L of formic acid in ethanol (5% v/v) and drying overnight at 40°C after which they were stored at Ϫ20°C until radioimmunoassay for cAMP content as previously described. 25 The lower limit of detection was 2.5 fmol cAMP/tube. Inter and intra-assay variability were 15.7% and 12.6%, respectively.
Statistical Analysis
All data are presented as the mean Ϯ SEM. Statistical comparisons between strains over time were made by ANOVA and Duncan's test. Significance was ascribed at the 5% level (SPSS for Windows, Ver. 10.1.0, SPSS UK Ltd, Woking, Surrey, UK).
Results
Renal Renin Activity
Renal renin activity (Fig. 1A) did not alter with time in any of the strain/rearing condition combinations (F 2,90 ϭ 0.17, P ϭ .84). Similarly, there were no significant differences between strains (F 3,90 ϭ 7.94, P ϭ .50) or a time ϫ strain interaction (F 6,90 ϭ 1.29, P ϭ .27).
Renin in situ Hybridization
There was no significant difference (P ϭ .62) in the number of renin-secreting cells (per 100 glomeruli) in kidneys from postnatal day 10 rats (Fig. 2) .
Renal Ang II Concentration
There were significant differences in renal Ang II concentrations (Fig. 1B) both over time (F 2, 93 ϭ 531.5, P Ͻ .001) and between strains (F 3, 93 ϭ 11.29, P Ͻ .001). Across strain/rearing condition combinations, renal Ang II concentrations rose from postnatal day 5 to day 10 and then fell to their lowest levels on day 15. Comparing strains across time, there was a complex pattern of differences. The tissue Ang II concentration of naturally reared SHR was lower than that of WKY rats on postnatal day 10 (P Ͻ .05), but was comparable at days 5 and 15. Renal Ang II in cross-fostered SHRX was significantly higher (P Ͻ .05) than that of SHR at all time points. SHRX Ang II was also higher (P Ͻ .05) than WKY at day 5 and 15, but lower at day 10. Cross-fostered WKYX rats did not differ from WKY at days 5 and 10, but the tissue Ang II concentration was higher at day 15 (P Ͻ .05).
Ang II AT 1 Receptor Expression
Western analysis showed that AT 1 receptor expression (Fig. 3) was significantly higher in the kidneys of naturally reared SHR in comparison with both naturally reared WKY rats and cross-fostered SHRX (P Ͻ .05). Comparing SHRX with SHR, receptor expression was reduced in the cross-fostered SHRX by 9%, 44%, and 20% on postnatal days 5, 10, and 15, respectively. Comparisons between days are not shown as data were normalized to the control WKY band for each postnatal day.
cAMP Generation in Isolated Proximal Tubules
Basal cAMP accumulation during the 4-min incubation of proximal tubules was approximately 16 fmol/mm tubule in WKY rats (Fig. 4) . This was significantly higher than that in SHR and WKYX rats (P Ͻ .05), but not SHRX. Incubation with Ang II (10 Ϫ9 to 10 Ϫ8 mol/L) had no effect on cAMP generation in tubules from WKY rats, but in- hibited cAMP generation in SHR tubules (P Ͻ .05). The cAMP levels in tubules from SHRX and WKYX rats were somewhat lower than control values, but this did not achieve statistical significance. The cAMP in SHR tubules incubated with Ang II 10 Ϫ8 mol/L was significantly lower than that in SHRX tubules (P Ͻ .05).
Discussion
This study has demonstrated that although renal renin and Ang II are not elevated in the neonatal SHR, AT 1 receptor expression is increased during this critical period of renal development. This was associated with a functional change in Ang II sensitivity at 4 weeks of age when Ang II-mediated cAMP generation was diminished. Furthermore, cross-fostering reversed this increase in AT 1 expression; receptor levels were restored to those seen in control WKY rats. This was associated with higher cAMP levels in proximal tubules. Taken together with previous studies that show that ACE inhibition 5 or AT 1 receptor antagonism 6 lower BP in the SHR and our own observation of altered renal sodium handling in response to Ang II, 3 these data provide further evidence that activity of the reninangiotensin system in the early postnatal period could have a marked influence on adult BP in the SHR.
There are few studies of the activity of the renal reninangiotensin system of the neonatal SHR, despite strong evidence that the RAS plays an important role in BP regulation in these rats. The first study to be published showed that renal renin activity was elevated in the kidneys of SHR from birth until postnatal day 14. 16 However, subsequent studies have yielded conflicting results. Kidney renin activity was reported to be elevated in SHR at 2 days 15 and 4 to 6 weeks, 12 but was found to be comparable with that of WKY rats at 4 13 and 13 weeks of age. 15 Kidney renin mRNA has been reported to be higher, 26 lower 18, 27 or comparable between SHR and WKY rats. 15, 17, 26 In the present study, we found no significant difference in renal renin activity between SHR and WKY rats at postnatal days 5, 10, and 15, or any difference in the number of renin-secreting cells of postnatal day 10 rats, which supports the suggestion that renal renin is not elevated in young, prehypertensive SHR.
Renal Ang II concentrations in SHR show similarly conflicting data. Renal Ang II concentration of SHR has been reported to be higher than that of WKY rats at 4 weeks, 13 but comparable with that of normotensive Donryu rats at 6 weeks and lower thereafter at 10 and 20 weeks. 28 In the present study, kidney Ang II concentrations were comparable between SHR and WKY rats at postnatal days 5 and 15 and were lower at day 10. However, the variation in tissue Ang II concentrations suggests that the small, albeit statistically significant, difference observed may have little biological significance. Taking this together with the observation that kidney angiotensinogen mRNA is also either comparable 29 or reduced 30 in young SHR, the balance of evidence suggests that the renal RAS is not elevated in the kidneys of young SHR. What does seem to be increased is the renal sensitivity of the SHR to Ang II.
The data presented in this study confirm several previous reports that renal AT 1 expression is elevated in the young SHR kidney. Elevated Ang II binding has been reported in both the proximal tubules 12, 13 and glomerular vessels, 10 although this is not a universal finding as other groups have found no difference in the density of AT 1 receptors in the glomeruli of SHR at 6 and 12 weeks. 11 In the current study we used whole kidney homogenates for our Western blots, hence we are unable to identify regional differences within the kidney. The AT 1 receptors have been located in the glomerulus, proximal tubule, thick ascending limb, distal tubule and collecting duct, as well as the vasculature, 7, 8 therefore it is conceivable that increased expression could have occurred at any one of these sites. We have previously demonstrated that young SHR have increased sensitivity to both the glomerular and proximal tubular effects of Ang II. 3 Chatziantoniou and Arendshorst 11 suggest that, rather than an increase in glomerular AT 1 density, the increased glomerular sensitivity to Ang II may be mediated by a shift in the balance between vasodilatory prostanoids and an increase in thromboxane A 2 receptor density. Thus, it is probable that the increase in AT 1 receptor expression in neonatal SHR was due, in large part, to an increase in proximal tubule receptor density. However, until a segment by segment analysis is carried out, the possibility of an increase in AT 1 expression elsewhere cannot be ruled out entirely.
These data are consistent with the measurements of cAMP generation in isolated proximal tubules. Activity of the Na ϩ /H ϩ exchanger NHE-3 in the proximal tubule is mediated, at least in part, by parathyroid hormone (PTH) and Ang II. PTH stimulates cAMP, inhibiting NHE-3 activity, and thus sodium reabsorption, whereas stimulation of basolateral AT 1 receptors reduces cAMP generation and thus increases NHE-3 activity. 31 Proximal tubule cells express adenylyl cyclase isoforms II, III, VI, VII, and IX, 32 with VI and VII being located on the basolateral membrane in the same locality as the G i protein-coupled AT 1 receptors. 33 Previous studies have shown that infusion of Ang II at a nonpressor dose reduces urinary cAMP excretion in SHR but not WKY rats in vivo 34 and that this is associated with an increase in G ␣i-1-2 and G ␣i-3 expression in glomerular vessels from young SHR. 35 Proximal tubule cells also express G ␣i-3 , 36 but differences in expression levels between SHR and WKY rats have not been reported in this part of the nephron. However, we did observe a reduction in basal and Ang II-mediated cAMP in SHR proximal tubules, consistent with previous reports of increased NHE-3 activity in proximal tubules from young SHR. 37 In contrast, SHRX showed no such reduction in cAMP levels, suggesting that basal and Ang II-stimulated NHE-3 activity may be lower in these animals. This could explain the reduction in sodium reabsorption after Ang II infusion in vivo seen in our earlier study. 3 The reason for the increase in AT 1 expression in SHR and its reversal in SHRX is not clear, but may reflect dietary sodium intake by the suckling neonate. We have shown that SHR dams deliver less milk to their offspring and that as a result the sodium intake and cumulative sodium balance of these rats is 40% lower than that of WKY rats. When crossfostered to a WKY dam, the milk and hence sodium intake of SHRX rats rises such that the cumulative sodium balance of neonatal SHRX is comparable with that of WKY rats. 20 If AT 1 expression is programmed by the level of sodium intake during the suckling period, this could account for the retention of sodium seen in weanling SHR receiving a standard diet, 2 which subsequently contributes to the elevation in BP from 6 to 10 weeks of age. In contrast, the SHRX do not have increased AT 1 levels, therefore they may be better able to handle sodium upon weaning and hence they develop lower adult BP.
In conclusion, we have shown that renal renin and Ang II concentrations are not elevated in neonatal SHR, but AT 1 receptor expression is increased and Ang II-mediated cAMP generation is diminished. These factors could account for increased Ang II-mediated renal sodium reabsorption shown by these rats. 3 Cross-fostering SHR pups to a normotensive dam reduces renal AT 1 receptor expression and is associated with higher basal and Ang IImediated cAMP levels in the proximal tubule. The SHRX rats reabsorb less sodium in response to Ang II and have lower adult BP than naturally reared SHR. 3 Taken together, these data strongly support the suggestion that altered activity of the RAS contributes to the development of hypertension in the SHR and, importantly, that this may be manipulated during the early postnatal period with long-term consequences for adult BP.
